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A general QCD light front formalism to compute many-body color charge correlation
functions due to quarks in the proton was constructed1. These enable new studies
of color charge distributions in the nucleon. The analogies between such correlation
functions to electric and magnetization charge densities in the proton and also to nucleon-
nucleon correlations in the nucleus are discussed. Including the color charge correlations
leads naturally to the removal of infrared divergences that occurs in two- and three-gluon
exchange interactions in qq¯-proton scattering. Extensions to include gluonic color charge
correlations are discussed.
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1. Introduction
This talk is concerned with a basic question: Where is the color charge located in
a nucleon, or in a nucleus? A related question: Is the color charge distribution the
same as the charge distribution? We know that this cannot be the case because the
integral of the color charge density must vanish because of color neutrality. Instead
one must be concerned with matrix elements of powers of the color charge density
operators such as ρ2 and ρ3. Thus moments must be constructed and understood.
This talk is a new way of looking at nucleon and nuclear structure. The formalism1
can be thought of as an extension of the Mclerran-Venugopalan (MV) model for
relativistic heavy ion physics2–4 to nucleon structure.
2. Electromagnetic Charge Densities and Correlations
I set the stage by discussing electromagnetic charge densities within the light-front
formalism5–8. The electromagnetic current density is given by Jµ =
∑
q eq q¯γ
µq
where q represents the quark flavor. One forms the current density from the J+
operator acting in an eigenstate of transverse position R:
ρ∞(x−,b) = 〈p+,R, λ|
∑
q
eqq
†
+(x
−,b)q+(x−,b)|p+,R, λ〉, (1)
where the longitudinal (transverse) spatial coordinates are x− ∝ (t − z) (b), and
q+ ∝ γ0γ+q is the independent quark-field operator. The value of p+ must be very
large because of the inherent sum over all of the proton’s transverse momenta. The
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transverse density can then be constructed from the Dirac form factor F1 as:
ρ(b) =
∫
dx−ρ∞(x−,b) =
∫
QdQ
2pi
F1(Q
2)J0(Qb). (2)
Results are shown in the cited references and in the talk posted on the INT website
http://www.int.washington.edu/talks/WorkShops/int−18−3.
Another question can be asked: given a u-quark at a position (x−,b), what is
the probability P (∆x−,∆b) that a d-quark is a distance (∆x−,∆b) away? This
given by
P (∆x−,∆b) = 〈p+R, λ|
∫
dx−d2bρu(x−,b)ρd(x− + ∆x−,b+ ∆b)|p+Rλ〉 (3)
where ρq(x
−,b) ≡ eqq†+(x−,b)q+(x−, r⊥). This represents a correlation function,
the matrix-element of a two-quark operator that enters in the evaluation of the
two-photon-exchange matrix element. The matrix element of Eq.(3) is analogous
to the short-ranged nucleon-nucleon correlations that are now under investigation.
See e.g.9,10. Interactions between high energy particles and the proton are governed
by two-gluon exchanges, so that probing quark-quark correlations might be easier
than with two-photon exchanges.
3. Color Charge Density Operator
The color charge density operator is given by
ρa(x) = ψ¯i,f (x) γ
+ ψj,f (x)(t
a)ij + gluon terms, (4)
where a is the color index and ta, a = 1− 8 are the generators of the fundamental
representation of color-SU(3) normalized as tr tatb = δab/2. The interesting matrix
elements in the proton are 〈 |ρa(x)|〉, 〈 |ρa(x)ρb(y)|〉, 〈 |ρa(x)ρb(y)ρc(y)|〉. The use of
moments of the color charge density originated in the MV model, which shows how
observables may be computed in terms of moments of ρa.
A few details are presented. When using light-front dynamics, quark-fields at
x+ = 0 are expanded in terms of creation and destruction operators. The present
evaluation ignores the presence of anti-quarks in the proton. Then using r = (x−,b)
ρa(r) = 2P+
∑
λ,λ′
∫
dxqd
2q
16pi3
√
xq
b†q,i,λe
iq·r
∫
dxpd
2p
16pi3
√
xp
bp,j,λ′e
−ip·r (ta)ij δλλ′ . (5)
It is interesting to evaluate this operator in the infinite momentum frame (IMF),
P+ → ∞. Then, the expression limP+→∞ P+ei(xq−xp)P+r− appears. Taking the
limit carefully1, we found that ρa contains a factor 2piδ(xp−xq)δ(r−). Thus in the
IMF the color-charge-density operator takes on the characteristics of a very thin
disk. In particular, the color charge per unit area is given by matrix elements of
ρa(x−,b) = δ(x−)
∫
d2k
(2pi)2
eik·b
∫ ∞
0
dq+
q+
∫
d2q
16pi3
∑
λ
b†
xq,~q−~k,i,λ bxq,~q,j,λ (t
a)ij .(6)
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The two-dimensional Fourier transform ρa(x−,~k⊥) is used also. The notation
〈O 〉K⊥ =
〈
P+, ~K⊥
∣∣∣O ∣∣∣P+, ~P⊥ = 0〉
〈K|P 〉 (7)
is used in the following.
4. Color Charge Correlations
Evaluations were made using light front wave functions for a 3-quark Fock state1.
The first result is that 〈ρa(x−,b)〉K⊥ = 0 as expected for a color singlet. But the
obvious result raises a question. Consider the matrix element of ρa for a Fock space
component of proton: |3q,G〉. Would the matrix element still vanish? The sum of
quark and gluon densities must vanish, so any non-zero contribution to the color
charge density from the quarks would be cancelled by the contribution from the
gluons. That it is highly likely that 〈3q,G|ρa(x−,b)|3q,G〉 would not vanish can be
seen immediately by considering color SU(2). In this case, the situation is analogous
to that of the nucleon’s pion cloud, which gives the neutron a non-vanishing charge
density even though the total charge is zero11.
The next step was to evaluate the two-quark color charge density: 〈 ρ˜a( ~K⊥ −
~k⊥) ρ˜b(~k⊥) 〉K⊥ = 12 δab(G1( ~K⊥) − G2(~k, ~K⊥)) ≡ 12 δabG(~k⊥,K⊥). The first term
occurs when both density operators act on the same quark, and the second occurs
when the action is on two different quarks. The limit of forward scattering is
~K⊥ = 0 and then G(~k, 0) = 1−G2(~k, 0). Note that taking k⊥ = 0 yields G(0, 0) = 0,
a consequence of color neutrality, necessary to suppress infrared divergences that
would come from gluon propagators.
A simple three-quark wave function12 was used to evaluate G(~k, 0). The result
is shown in Fig. 1.
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Fig. 1. G(~k, 0). Cancellation at k = 0 is needed to prevent infrared divergences from appearing.
Space limitations prevent me from saying much more, but it’s all included in1.
See also13 for an interesting application of the formalism.
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5. Summary
Ref.1 provides a new way of looking at proton structure that involves using mo-
ments of the color charge density operator. Quadratic and cubic correlation func-
tions in the proton have been constructed for 3-quark light-front wave functions.
The formalism is general so that evaluations can be made for more complicated
wave functions. The quadratic correlator (ρaρb) corresponds to Pomeron exchange,
and the cubic correlator (ρaρbρc) corresponds to Odderon exchange. The present
formalism complements the standard GPD formalism.
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